Background: Excessive hip flexion in gait is thought to be associated with hip flexion contracture, but has also been associated with excessive anterior pelvic tilt, knee flexion, internal hip rotation, and muscular factors. The purpose of this study was to examine the contributors to excessive hip flexion during gait in children with cerebral palsy, with and without hip flexion contractures. Methods: A retrospective chart review was conducted of 155 children with cerebral palsy. Potential contributors to excessive hip flexion in stance were evaluated, including static and dynamic range of motion, strength measurements, and patient factors including age, previous surgery, distribution of involvement (hemiplegia, diplegia, and quadriplegia), and Gross Motor Function Classification System level. Univariate analysis was performed using simple linear regression and analysis of variance, with appropriate post-hoc tests. All variables were then included in a stepwise linear regression using forward selection. Results: Univariate analysis demonstrated a significant relationship (P<0.05) between excessive hip flexion in stance and all predictive variables except static dorsiflexion range of motion with the knee flexed and maximum dorsiflexion in stance. Results of stepwise regression revealed that 3 variables accounted for 65% of the variance: passive hip extension range of motion, average pelvic tilt during the gait cycle, and knee extension achieved in the stance phase of gait. Twenty-two of 45 (49%) exhibiting hip flexion contractures of greater than 10 degrees did not exhibit excessive hip flexion in stance phase. Conclusions: Hip extension in stance in children with static encephalopathy depends primarily on hip extension passive range of motion, the amount of pelvic tilt, and knee extension in stance phase. These 3 variables account for 65% of variance in
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Key Words: hip flexion contracture, gait, cerebral palsy (J Pediatr Orthop 2010;30:562-567) E xcessive hip flexion has been found in 65% of patients with cerebral palsy (CP). 1 It is commonly thought that limited hip extension in gait is associated with contracture of the hip flexor musculature. [2] [3] [4] Hip flexion contractures can be seen in both pediatric and adult patients after stroke, traumatic brain injury, or infection by a neurotoxic pathogen. 5 Limited research exists examining the causes of limited hip motion in the sagittal plane in patients with static encephalopathy. Lee et al 5 surveyed the predictors of hip extension in gait in 41 patients with static hip flexion contractures. They found that hip flexion contracture, as measured by the Thomas test, did not correlate with hip extension during the stance phase of gait, but that anterior pelvic tilt was strongly associated with limitation of dynamic hip extension. No control group without contracture was included for comparison.
Other factors have been found to be associated with excessive hip flexion in gait including anterior pelvic tilt and limited knee extension, which weakens the extensor coupling of the hip and knee joints. 5, 6 O'Sullivan et al 7 assessed internal hip rotation gait patterns in CP and found a correlation between hip motion in the sagittal plane and motion in the coronal plane. Musculoskeletal modeling studies have outlined the capacity of different muscle groups to produce hip and knee extension forces during stance phase, including the gluteus maximus, adductor magnus, hamstrings, and vasti. 8 Weakness in these muscles could lead to excessive flexion of the hip and knee. Modeling studies have also shown that these muscles have significantly decreased extension capacity at the hip (and knee) in patients with CP with progressive crouch and external tibial torsion.
At our Motion Analysis Laboratory, we have observed that preoperative plans for hip flexor lengthening are often altered after gait analysis testing. In such cases, excessive hip flexion during gait is attributed to other factors elucidated by the gait analysis data. The purpose of this study was to examine the various factors associated with excessive hip flexion during gait in subjects with CP, with varying degrees of hip flexion contracture. We hypothesized that hip flexion during gait would not be associated significantly with hip flexion contracture. Of the 155 patients who met the inclusion criteria, 78 were male and 77 female. Patient age averaged 10.0 ± 3.7 years (range: 4.0 to 19.7 y). The involved limb was studied in the 31 patients with hemiplegia. For patients with bilateral involvement of the lower extremities (diplegia, triplegia, and quadriplegia), the left side was arbitrarily chosen for study. GMFCS scores were recorded for all patients using the GMFCS-Expanded and Revised criteria.
METHODS

Patients
11 Sixty-one patients had undergone one or more procedures affecting the limb under evaluation before the gait analysis and 94 had not. Four subjects had prior surgery to the opposite limb, and none to the limb under evaluation. The most common previous procedures were hamstring lengthenings (37 patients), tendo-Achilles lengthenings (TAL) (29 patients), adductor lengthenings (22 patients), rectus femoris transfers (15 patients), femoral osteotomies (14 patients), tibial osteotomies (13 patients), and gastrocnemius recessions (10 patients).
Procedures
All subjects had undergone gait analysis testing at the authors' institution. The test included a physical examination of passive range of motion (ROM), spasticity, muscle strength, and selective motor control. The computerized gait analysis used an 8 camera VICON (Oxford, England) 3-dimensional motion analysis system. This system uses a set of 15 to 19 passive retro-reflective markers attached over specific bony landmarks of the pelvis and lower extremities. Subjects made several passes down a 15-m path with the markers in place. A single examiner selected 3 representative strides from the recorded gait data, which were then averaged and used for analysis.
The kinematic variables examined in this study were maximum hip extension in stance, maximum knee extension in stance, mean pelvic tilt, and maximum dorsiflexion in stance (Fig. 1) . Positive maximum hip extension and knee extension values represent hyperextension, and negative values represent flexion. Positive pelvic tilt values represent anterior pelvic tilt, and negative values represent posterior tilt. Positive dorsi/ plantarflexion values represent dorsiflexion, and negative values represent plantarflexion. The presence of ''malignant malalignment'' was also considered (defined as internal hip rotation with external foot progression, outside the normal range during the majority of stance phase on the kinematic graphs) (Fig. 2) .
During the physical examination, hip extension ROM was measured using the Thomas Test. For this measurement, the patient was positioned supine, both hips were flexed passively until the lumbar curve was flattened (usually approximately 90 to 100 degrees of hip flexion, with care taken not to flex the lumbar spine), with the hip of interest then slowly extended maximally. Hamstring ROM was measured using the popliteal angle, with the opposite hip extended. Knee extension ROM was measured in supine with the hip in maximum extension. Dorsiflexion ROM was measured with the knee flexed and extended, with the hindfoot inverted. All measurements were taken by 2 physical therapists, one to position the limb and the other to take the goniometric measurement. The measurements were taken by the 3 physical therapists in the laboratory and the research assistant. These individuals have established excellent interrater reliability for these measures (average interrater difference of 3 degrees).
Strength measurements were attempted for all patients using the traditional 0 to 5 manual muscle testing scale, with 0.25 added for ''+'' scores (eg, 3+ scored as 3.25) and 0.25 subtracted for '' À '' scores (eg, 3 À as 2.75). However, strength data were only available for patients who were able to participate in such testing.
In addition, patients were grouped according to whether they had a positive or negative history of lower extremity surgery in general, and of each of the most common surgical procedures seen in the group: 
Statistics
Maximum hip extension in terminal stance was the dependent variable in all data analysis. Table 1 lists the independent variables considered as possible predictors of maximum hip extension in terminal stance.
First, univariate analysis was performed using simple linear regression for continuous variables and analysis of variance for categorical variables. Post-hoc tests with a Bonferroni adjustment were included when appropriate. Next, all variables were included in a stepwise linear regression using forward selection.
A Fisher exact test was performed to examine the impact of hip flexion contracture on the amount of hip extension achieved in terminal stance.
A significance level of 0.05 was used for all statistical tests.
RESULTS
The mean maximum hip extension in terminal stance was À 2 ± 13 degrees, with a range of À 45 degrees (dynamic flexion) to +27 degrees (dynamic hyperextension).
Univariate Analyses
Univariate analysis demonstrated a statistically significant relationship between maximum dynamic hip extension in terminal stance and several individual measures (Tables 2, 3 ). For the kinematic variables, mean pelvic tilt showed the strongest association (R 2 = 0.21, P<0.001).
Maximum knee extension in stance also demonstrated a strong association (R 2 = 0.19, P<0.001), but kinematic dorsiflexion was weakly associated (R 2 = 0.04, P = 0.005). Among the static measurements, hip extension range (R 2 = 0.24, P<0.001) and knee extension range (R 2 = 0.22, P<0.001) were both significantly associated with maximum hip extension during terminal stance. There was a weaker relationship, although still statistically significant, for static range of dorsiflexion with the knee extended (R 2 = 0.04, P = 0.006). Popliteal angle and dorsiflexion range with a flexed knee were not associated with dynamic hip extension. Of the 3 strength measurements, only plantarflexor strength demonstrated significant association with hip extension during gait (R 2 = 0.06, Pr0.02). Patient age on the date of gait analysis was also statistically significantly related to maximum hip extension during terminal stance (R 2 = 0.05, P = 0.003) ( Table 2) . Patients in GMFCS level 1 exhibited greater dynamic hip extension than those patients in GMFCS levels 2 and 3 (Pr0.01) ( Table 3) . No significant differences were observed between GMFCS levels 2 and 3 (P>0.47). (13) *Post-hoc tests indicated a significant difference between GMFCS level 1 and all other levels (Pr0.01 after Bonferroni adjustment), no difference between levels 2 and 3 (P>0.47 after Bonferroni adjustment).
wPrior adductor lengthening, rectus femoris transfer, femoral osteotomy, tibial osteotomy, and gastrocnemius recession not significant (P>0.13).
GMFCS indicates Gross Motor Function Classification System. Patients presenting with malignant malalignment tended to walk with greater hip flexion (P = 0.049). Analysis of surgical history variables showed greater dynamic hip extension capabilities in patients who had not received any prior surgery to the lower limbs versus those who had received prior surgical treatment (P = 0.004) ( Table 3) . Among individual surgical interventions, hip extension was significantly reduced in patients with prior hamstring lengthening (P = 0.009) and TAL (P = 0.05). Hip extension did not differ between patients with and without adductor lengthenings, rectus femoris transfers, tibial osteotomies, femoral osteotomies, or gastrocnemius recessions (P>0.13).
Multivariate Analysis
Stepwise regression produced a model that relied predominantly on static hip extension range, mean pelvic tilt, and maximum knee extension in stance (Table 4) . These 3 factors explained 65% of the variance in hip extension in terminal stance. Age, peak dorsiflexion in stance, and popliteal angle also entered into the model. Strength, involvement, GMFCS level, lever arm disease, and previous surgery did not enter the model.
Impact of Hip Flexion Contracture on Hip Extension in Terminal Stance
Patients were grouped according to the presence or absence of hip flexion contracture (defined as static hip extension ROM of r À 10 degrees as measured by the Thomas Test). Hip flexion contracture was seen in 45 of 155 patients (29%). Patients were also grouped according to the presence or absence of excessive hip flexion in terminal stance (defined as r À 10 degrees at terminal stance). Excessive terminal stance phase hip flexion was seen in 36 of 155 subjects (23%).
Twenty-two of 45 patients (49%) exhibiting hip flexion contractures did not exhibit excessive hip flexion in terminal stance phase, whereas 51% of such patients did exhibit excessive flexion. Of the patients who did not have static hip flexion contractures, 12% (13 of 110) exhibited excessive hip flexion in terminal stance (Table 5) .
DISCUSSION
Hip position at terminal stance during gait in children with CP is associated with the amount of passive hip extension ROM, average pelvic tilt during the gait cycle, and the amount of knee extension achieved in the stance phase of gait. Together, these 3 factors explained 65% of the variance in the current analysis. Age, amount of dorsiflexion in stance, and hamstring ROM each accounted for only 2% to 3% of the remaining variance. These results are in partial agreement with Lee et al, 5 who also found anterior pelvic tilt to be the primary predictor of hip extension in stance phase.
The prevalence of hip flexion contracture in patients with CP is unknown. In this study, 45 of 155 patients (29%) had hip flexion contractures of Z10 degrees (as measured by the Thomas test), 13 of 155 (8%) had contractures of Z20 degrees, and 3 of 155 (2%) had contractures of 30 degrees. The average hip extension range of motion exhibited by the subjects was À 5 ± 7 degrees (range: 5 degrees hyperextension to À 30 degrees extension range of motion contracture). As our patients were being evaluated for orthopedic surgical intervention, they likely had greater physical involvement than the general ambulatory CP population. The prevalence of hip flexion contractures in the population as a whole may be lower than that observed in this study.
Problems associated with use of the Thomas test for measuring hip flexion contractures in patients with CP have been documented earlier. 12, 13 Although intrarater reliability has proven to be good for the test in some studies, 12, 14 interrater reliability has not. 12 Although all patients in this study were tested in a standardized fashion, there may have been factors such as hip flexor spasticity in the supine position that confounded accurate hip flexion contracture measurement. It is possible that alternative methods for hip flexion contracture measurement, such as the prone hip flexion contracture test, 15 would be more valid and reliable. Nevertheless, the interrater reliability for Thomas test measurements among the 3 therapists performing the measurements in this study was excellent, with an average difference of only 3 degrees.
The results of this study suggest that careful clinical examination, and computerized gait analysis testing, should be undertaken before performing hip flexor lengthening surgery. It has been shown that static examination measures correlate poorly with dynamic joint movement during gait. 16 Even when hip flexion contracture is noted on static examination, it may be pliable enough to stretch under body weight during stance and not pose a functional limitation. In their study of patients with hip flexion contractures of more than 5 degrees, Lee et al 5 attributed the lack of correlation between hip flexion contracture and maximum hip extension in stance to flexibility of the contractures. This was likely the case for 22 of the 45 subjects (49%) with hip flexion contractures in this study who did not exhibit limited hip extension in terminal stance phase. Alternatively, subjects without static hip flexion contractures may have had dynamic factors, such as inappropriate psoas activity in stance, which limited hip extension. As we did not sample the psoas muscle with electromyography during testing, this cannot be ruled out as a factor in this study. In many cases, excessive hip flexion during gait is a compensatory rather than primary gait deviation. Other factors causing anterior pelvic tilt (such as hip extensor weakness), or excessive stance phase knee flexion (hamstring tightness and quadriceps or triceps surae weakness) may be implicated. Any of these factors may have been the case for the 13 patients (12%) in this study without hip flexion contractures who exhibited excessive hip flexion during gait. It is also possible that aggressive hamstring lengthening and TAL may weaken these muscle groups and lead to excessive flexion at all joints, requiring compensatory anterior pelvic tilt. These factors may be responsible for the excessive hip flexion seen in the study subjects who had prior psoas, hamstring, and triceps surae lengthening surgery. Computerized gait analysis testing can be useful in elucidating these factors and determining appropriate treatments. In summary, achievement of hip extension during gait is associated with passive hip extension ROM, dynamic pelvic tilt, and knee position in stance. Hip flexion contracture of Z10 degrees was present in 29% of study subjects (candidates for orthopedic surgery), and was not associated with flexed hip posture during gait for almost 50% of subjects with contractures measuring at least 10 degrees. Careful clinical examination, including computerized gait analysis when available, is recommended to determine whether excessive hip flexion is a primary (caused by actual contracture) or compensatory (to anterior pelvic tilt and/or excessive knee flexion in stance) deviation, and to select appropriate treatment interventions.
